Nisin Z and thymol were tested, alone and in combination, for antibacterial activity against Listeria monocytogenes ATCC 7644 and Bacillus subtilis ATCC 33712. The antibacterial effect of nisin Z, produced by Lactococcus lactis KE3 isolated from the traditional Moroccan fermented milk, was greatly potentiated by sub-inhibitory concentrations of thymol in both bacterial strains. Our data showed that the concentration of nisin required for effective control of food-borne pathogenic bacteria could be considerably lowered by the use of thymol in combination. The use of low concentrations of nisin could lead to a less favourable condition for the occurrence of nisin-resistant bacterial sub-populations. ß
Introduction
Lactic acid bacteria are the principal microorganisms involved in the fermentative conversion of food. They contribute to food safety by their ability to inhibit the growth of several other bacteria [1] . The production of antimicrobial peptides called bacteriocins is one factor that is responsible for the antagonistic e¡ects of lactic acid bacteria against other organisms [2] . Nisin, a bacteriocin produced by many Lactococcus lactis strains, has been used as a preservative mainly in the dairy, canned food, brewing and alcohol fermentation industries in several countries [3, 4, 7] . The biotechnological application of nisin for the control of food-borne pathogenic bacteria has increased with the discovery of its inhibitory e¡ects on various organisms such as Bacillus cereus, Listeria monocytogenes, and Staphylococcus aureus [5, 6] .
In 1991, it became obvious that nisin occurs in two natural variant forms, nisin A and nisin Z, which are encoded by the structural genes nisA and nisZ respectively [8, 9] . A comparison of the sequences of these genes showed that they di¡er by a single nucleotide substitution resulting in nisin Z having asparagine at codon position 27 instead of the histidine found in nisin A [10, 11] . Nisin Z shows increased hydrophilicity and heat stability at elevated pH values, compared to nisin A [12, 13] .
Aromatic plant oils, also widely studied for antimicrobial activities [16^19], have found various applications including the preservation of raw and processed foods, pharmaceuticals and as natural therapies [14, 15] . In particular, thymol, a major essential oil component of thyme, has been tested for antibacterial e¡ects against a wide range of organisms including L. monocytogenes, S. aureus and oral bacteria [20, 21] .
Nisin is an expensive substance and hence the cost of commercial use of this agent may be prohibitive for many industries, especially when high concentrations are needed to achieve satisfactory antimicrobial e¡ects. Also, the use of high concentrations of nisin may encourage the selective growth of nisin-resistant bacterial sub-populations [22] . These problems could be overcome by using other agents in combination with nisin resulting in synergistic e¡ects, thus requiring low concentrations of nisin for e¡ective control of the relevant microorganisms. In the present report, we show that the antibacterial e¡ects of nisin Z could be greatly potentiated by the essential oil thymol used in low concentrations.
Materials and methods

Bacterial strains and culture conditions
Lactococcus lactis KE3, a nisin Z-producing bacterium, was isolated from the traditional Moroccan fermented milk and identi¢ed according to criteria described by Schleifer et al. [23] . L. monocytogenes (ATCC 7644) and Bacillus subtilis (ATCC 33712) were purchased from the American Type Culture Collection. These organisms were maintained as frozen stocks in 20% (w/v) glycerol at 335³C and propagated twice from single colonies prior to experimental use. L. lactis KE3 was grown in SPYS medium consisting of 3% sucrose, 1% Bacto peptone, 1% yeast extract, 0.2% NaCl, 0.02% MgSO 4 W7H 2 O and 1% KH 2 PO4, pH 7.0 [13] . L. monocytogenes and B. subtilis were cultivated at 30³C and 37³C respectively in Trypticase soy broth (Biockar Diagnostics, France) supplemented with 0.5% glucose (TSG medium). For nisin Z production, L. lactis KE3 was grown in batch culture in a Bio£ow fermenter (New Brunswick Scienti¢c, Edison, NJ, USA) with a working volume of 800 ml; the pH was maintained at 6.5 by automatic addition of 4 N NaOH, and temperature and agitation were maintained at 30³C and 150 rpm respectively. The cell-free supernatant was collected and then concentrated by freeze drying. The antibacterial activity was determined by the agar well di¡usion assay [24] . The extract, the source of nisin Z in the present study, was titrated in international units (IU ml 31 ), using commercial nisin A (Nisaplin ; Applin and Barett, London, UK) as a standard.
E¡ect of nisin Z containing extract and thymol on cell bacterial growth
TSG broth (50 ml) in a £ask was inoculated with an overnight culture of each indicator bacterial strain and incubated at the appropriate temperature in an orbital shaker (shaking water bath, YB-521, Yamato). When the OD (optical density at 660 nm) reached a value of 0.25, an aliquot of the concentrated cell-free extract from L. lactis (containing nisin Z) was added to the culture which was further incubated at the same conditions, and the OD was recorded every hour during the growth period in order to determine the cell density in each £ask. A parallel culture of each indicator bacterium monitored for cell density at the same time interval without the L. lactis (nisin Z) extract served as control.
Thymol was purchased from Jensen-France in powder form. It was emulsi¢ed at 50³C, at a concentration of 10%, in a sterile 0.2% agar solution [25] . An aliquot of the thymol suspension was added to 50 ml of the culture medium of each indicator bacterial strain (OD value of 0.25) prepared as described above. The amounts of thymol were adjusted in the suspension so as to obtain ¢nal thymol concentrations of 0.05, 0.04, 0.03 and 0.02% in the culture £asks. Incubation and determination of cell density measuring OD values were the same as described above. A bacterial culture with the addition of a sterile 0.2% agar solution (without thymol) served as control.
After determining the growth inhibitory e¡ects of nisin L. lactis extract containing nisin, and thymol on the two indicator bacteria, sub-inhibitory concentrations of the two agents were combined and added to each bacterial culture (at an OD value of 0.25) and their antibacterial activity was monitored by OD measurements at di¡erent time intervals. phase not shown) in the absence of the nisin Z extract. A slight retardation of growth occurred by the addition of nisin Z extract at concentrations of 10^25 IU ml 31 in L. monocytogenes (Fig. 1A) and at 25^50 IU ml 31 in B. subtilis (Fig. 1B) . In each case, the OD value remained above 0.25. The addition of 40 and 75 IU ml 31 of nisin extract to the L. monocytogenes culture caused a reduction of the OD value to 6 0.25. A similar decrease in cell density was observed following the addition of 75 and 100 IU ml 31 of the same extract in the B. subtilis culture. None of the thymol concentrations tested in TSG broth resulted in a reduction of OD value to 6 0.25 for either of the bacterial strains, although there was a thymol dose-dependent di¡erence in the growth curves of both bacteria indicating some growth retarding e¡ects of thymol ( Fig.  2A and B) .
Results and discussion
The antibacterial tests on the two indicator bacterial strains were then carried out by combining di¡erent concentrations of thymol with 40 IU ml 31 and 75 IU ml 31 of nisin Z extract added to each of the growing cultures of L. monocytogenes and B. subtilis respectively. The data presented in Fig. 3A show that a combination of 0.02% thymol with 40 IU ml 31 of the nisin Z extract resulted in a great reduction of the growth of L. monocytogenes as indicated by the decrease in OD value to 6 0.02 after 11 h incubation, which remained the same even after 19 h of incubation. In B. subtilis, 0.02% thymol was insu¤cient to enhance the antibacterial e¡ect of nisin Z. However, a thymol concentration of 0.03% combined with 75 IU ml 31 of nisin extract reduced the OD value to 6 0.02 in B. subtilis culture after 10 h incubation with no change in the growth curve even after 19 h of incubation (Fig. 3B) . Our results demonstrated that the concentrations of nisin and thymol chosen for combination treatments correspond to the lowest concentrations which showed synergism against both strains. The lantibiotic nisin present in the L. lactis extract, and thymol, a major active component of Thymus vulgaris, are two food grade substances that have been separately used for preservation purposes by di¡erent industries [3,26^28] . Each of these agents tested alone in the concentrations noted in this report, resulted in only a partial antibacterial activity against the indicator strains L. monocytogenes and B. subtilis. Nisin extract concentration as high as 75 IU ml 31 caused a drop in OD values initially but the bacterial cell growth rebounded after 3^5 h indicating that nisin concentration at this level was insu¤cient for complete inhibition of bacterial growth. Thymol has an antibacterial activity similar to that of polymyxin B. It causes the intracellular metabolite dissipation due to alterations in membrane structure and permeability (our unpublished results). The addition of nisin was shown to result in an immediate loss of cellular potassium, depolarisation of cytoplasmic membrane, and hydrolysis and partial e¥ux of cellular ATP [29] . Our observation of a complete inhibition of bacterial growth by a combination of sub-inhibitory concentrations of thymol and nisin Z could be explained on the basis of thymol-induced destabilisation of bacterial membrane structure resulting in an increased permeability for nisin. In combination treatment, therefore, intracellular nisin concentration would be higher leading to increased cell lysis. The synergistic e¡ects of thymol and nisin would also mean that e¡ective concentrations of nisin could be lowered considerably (up to 40% in our studies) to achieve the desired antibacterial activity, thus making the cost of food preservation by nisin cheaper. Furthermore, the use of lower concentration of nisin may reduce the probability of the occurrence of nisin-resistant strains of bacteria. Our unpublished results demonstrate similar potentiating e¡ects when nisin A (Nisaplin) was tested instead of nisin Z. The choice of using thymol as a pure component instead of the complex essential oil mixtures was important for correlating the antibacterial and the potentiating e¡ects with a well-de¢ned agent [17, 27] . Concentrations of essential oils and thymol as high as 3% have been proposed for use in cosmetics, drug absorption by animal tissues, food preservation and antifungal treatments in plants [26] . We found that a much lower concentration of thymol, free from toxic e¡ects for animal or plant cells, could be used in combination with nisin for total inhibition of bacterial growth. Additional studies are needed to test the synergistic e¡ects of essential oils and nisin on other Gram-positive bacteria sensitive to nisin as well as on Gram-negative bacteria which do not respond to nisin alone.
